Spinal muscular atrophy results from deletions or mutations in the survival of motor neuron (SMN1) gene. The SMN protein has an essential role in the biogenesis of spliceosomal snRNPs, but the link between a defect in this process and specific splicing inhibition of pre-mRNAs has not been established. In this study, we report the construction of a temperature-degron (td) allele of the Schizosaccharomyces pombe SMN protein and show that its depletion at 371C affects splicing and formation of U1, U2, U4 and U5 snRNPs, but not of U6 and U3 ribonucleoproteins. The function of the tdSMN allele in snRNP assembly is already perturbed at 251C, suggesting a deleterious effect of the tag at this temperature. Using a genome-wide approach, we report that introns react unequally to lower levels of snRNPs in tdSMN cells and that increasing the length of the polypyrimidine tract can improve the splicing efficiency of some, but not all, affected introns. Altogether, our results suggest that the defects observed in tdSMN fission yeast cells mimic splicing deficits observed in SMN-deficient metazoan cells.
Introduction
Spinal muscular atrophy (SMA) is a common human genetic disease in which degeneration of the motor neurons of the spinal cord results in subsequent muscular atrophy (Roberts et al, 1970) . The disease is due to recessive mutations affecting the survival of motor neurons (SMN1) gene, which is homozygously deleted or mutated in SMA patients (Lefebvre et al, 1995) . The SMN protein is part of a macromolecular complex, which contains at least eight additional proteins (Gemins 2-8 and unrip) and has an essential role in the biogenesis of spliceosomal U snRNPs (Paushkin et al, 2002; Neuenkirchen et al, 2008) . The assembly process of these U snRNPs follows an ordered pathway: after transcription, m 7 G-capped snRNAs U1, U2, U4 and U5 are exported to the cytoplasm, where they bind to the seven Sm proteins B/B 0 , D1, D2, D3, E, F and G. The proper assembly of the Sm core domain is required for subsequent m 3 G cap formation of the U snRNA by Tgs1 methyltransferase and, following this step, the particle is actively transported to the nucleus (Will and Lührmann, 2001; Mouaikel et al, 2002) .
The SMN complex is involved in the formation of the Sm protein heptameric ring and in its association with snRNAs (Fischer et al, 1997; Meister et al, 2001a) . The SMN protein confers specificity during canonical Sm core assembly and prevents association of non-specific RNAs (Pellizzoni et al, 2002; Palfi et al, 2009) . The function of the SMN machinery is regulated by the methylosome containing pICln, the methyltransferase PRMT5 and the WD45 protein (Friesen et al, 2001; Meister et al, 2001b) . The snRNP core formation occurs by a two-step mechanism in which pICln first stabilizes intermediate subcomplexes of Sm proteins and, subsequently, the SMN complex functions as a catalyst, allowing ring closure of the Sm protein core complex on the snRNA .
In addition to the role of SMN in RNA metabolism, it has been proposed that the SMN protein possesses a motor neuron-specific function. Indeed, the SMN protein co-localizes with cytoskeletal proteins in dendrites and axons of spinal cord motor neurons in vivo and can be found in motile granules that are located in neurites and growth cones of cultured neurons, suggesting a function of SMN in nucleocytoplasmic, dentritic or axonal transport (Bechade et al, 1999; Cifuentes-Diaz et al, 2002; McWhorter et al, 2003; Winkler et al, 2005; Zhang et al, 2006) .
With regard to the housekeeping role of SMN in snRNP biogenesis, recent studies show that a reduction of SMN levels decreases cell viability and alters the repertoire of snRNAs, the profile of which depends on the cell type and tissues of an SMA mouse model (Gabanella et al, 2007; Zhang et al, 2008) . Using exon microarrays, different studies revealed specific alterations in splicing in various tissues from the SMA mouse and identified differences in pathways associated with neuronal development (Zhang et al, 2008; Bäumer et al, 2009 ). However, exon microarrays allow to distinguish between different isoforms of a gene and to identify alterations in exon usage, but they are not suitable to characterize splicing defects such as intron retention events, which could affect the coding capacity and/or stability of the resulting mRNA and have a role in pathogenesis. Moreover, although it is now clear that SMN depletion is responsible for splicing alterations, the mechanistic bases of these events remain to be determined.
To address these questions, we choose to analyse defects induced by SMN deficiency in fission yeast, which carries an SMN orthologue (Hannus et al, 2000; Owen et al, 2000; Paushkin et al, 2000) . The Schizosaccharomyces pombe smn1 þ (YAB8; SPAC2G11.08c) gene is essential, but the precise role of the SMN protein in snRNP formation and the effects of its depletion on splicing have not been assessed in this model organism. Fission yeast is of particular interest in the study of snRNP biogenesis and RNA processing, as numerous studies have demonstrated that S. pombe contains a splicing machinery more closely reflecting the archetype of a metazoan spliceosome: introns are found in 43% of genes, individual genes typically contain multiple introns and the fission yeast gene structure is more similar to that of vertebrate genes than to that of budding yeast (Käufer and Potashkin, 2000; Wood et al, 2002) . In addition to being an important organism in the study of various fundamental processes, S. pombe is also increasingly used for identifying the functions of genes related to human diseases (Wood et al, 2002) .
To characterize splicing defects induced by SMN deficiency directly at the level of each intron, we constructed a strain carrying an S. pombe SMN temperature-degron allele (tdSMN) and used tiling microarrays, which provide an unbiased tool to investigate gene expression on a genomewide scope. In this report, we show that depletion of SMN at 371C affects the formation of Sm-associated RNPs but not that of U6 and U3 ribonucleoproteins. Remarkably, at 251C, cells carrying the tdSMN allele are viable but the U1, U2 and U5 snRNPs are differentially assembled and found at lower levels. Using a genome-wide approach, we further show that cells carrying the tdSMN allele exhibit variable splicing defects on different introns and that lengthening the polypyrimidine tract restores splicing of some, but not all, intron reporters. Altogether, our results demonstrate a direct link between SMN deficiency and splicing inhibition of only a subset of introns, supporting the view that similar defects might occur in SMN-deficient metazoan cells.
Results

Construction of an S. pombe td SMN strain
It has been reported that the S. pombe SMN protein shares structural and functional similarities with the human SMN protein (Hannus et al, 2000; Owen et al, 2000; Paushkin et al, 2000) . We therefore used the S. pombe system to investigate the function of SMN. We explored the use of a temperaturesensitive degron (td) SMN allele to obtain a homogeneous population of cells depleted of SMN in a short period of time. We constructed a strain in which the N-terminus of SMN is fused to the DHFR degron (Dohmen and Varshavsky, 2005) and expressed from a moderate nmt41 promoter (Supplementary Figure 1A) . Correct integration of the Ndegron tag at the smn1 þ chromosomal locus was confirmed by PCR amplification with different pairs of primers (Supplementary Figure 1B) . The tdSMN strain is viable ( Figure 1A ) but grew slower at 251C, with tdSMN cells growing at a rate that was two-fold lower than that of wild type ( Figure 1B) . When transferred to 371, the growth rate of the tdSMN strain decreased rapidly in liquid cultures ( Figure 1B ) and cells failed to grow on plates, compared with wild-type cells ( Figure 1A ). This phenotype was complemented by transformation of the tdSMN strain with a plasmid carrying the wild-type SMN gene under the nmt41 promoter but not with the empty vector ( Figure 1C ). As monitored by western blotting, the tdSMN protein is correctly expressed at 251C and its degradation clearly occurs after a shift to 371C ( Figure 1D ).
The S. pombe SMN protein is required for efficient splicing and snRNP formation Splicing inhibition was readily visible in the tdSMN strain after the shift to non-permissive temperature (Supplementary Figure 2A and B), confirming that SMN is essential for splicing (Hannus et al, 2000) , and demonstrating further that the N-degron tool can be used to efficiently monitor the function of SMN in this process.
In mammals, it has been shown that the SMN complex has a crucial role in the formation of the Sm core heptameric ring and in the association of this complex to spliceosomal snRNAs. Thus, we tested whether SMN is required for The tdSMN protein is degraded at non-permissive temperature. Equivalent amounts of cell extracts, prepared from wild-type (wt) and tdSMN (td) strains grown at 251C or after a 2 h shift at 371C, were fractionated on SDS-PAGE and immunoblotted with anti-HA antibodies. The predicted molecular mass of the tdSMN protein is 35 kDa. The level of a cross-reacting band (arrow) shows that similar amounts of extracts were loaded into each lane.
stability of these snRNAs. This was carried out by northern blot analysis of RNA extracted from wild-type and tdSMN cells after shift to 371C for 8 h. The U1, U2, U4 and U5 snRNA levels decrease in the tdSMN mutant after an 8-h shift at 371C, whereas similar amounts are found in the wild-type strain ( Figure 2A ). Quantification analysis using tRNA Ser as internal control showed that U1, U2 and U5 were more sensitive to SMN depletion (50-70% decrease) than U4 snRNA (35% decrease; Figure 2B ) and this might be because of the protective association of U4 in the U4/U6 di-snRNP.
Given that SMN was also proposed to be required for the formation of the Lsm heptameric ring and for the assembly of snoRNPs in mammals (Terns and Terns, 2001) , we also analysed the levels of the S. pombe U6 snRNA and U3 snoRNA and found that they are unchanged after the shift of tdSMN cells at 371C (Figure 2A and B) . Taken together, these results demonstrate unambiguously that in S. pombe the SMN protein is required for the accumulation of the spliceosomal U1, U2, U4 and U5 snRNAs but not for the U6 and U3 RNA species.
Interestingly, an examination of the blots in Figure 2A indicated differences in the levels of individual snRNAs in the tdSMN mutant cells grown at permissive temperature when compared with wild type (compare lanes 3 and 1). Quantification of the blot showed that the amounts of U1, U2 and U5 were lower in tdSMN cells by about 50%, whereas levels of U4 decreased by only 20%, the U3 snoRNA and U6 snRNA being only moderately reduced ( Figure 2C ). Together with the slow growth phenotype of tdSMN cells observed at permissive temperature, these observations suggest that the function of the tdSMN allele in snRNP assembly might be already affected at 251C. This might be due to the incorrect folding of the fusion protein or to steric hindrance of the td tag (see Discussion section).
Determination of snRNP assembly status by glycerol gradient sedimentation
To determine the status of snRNPs under physiological conditions, we analysed snRNP complexes by glycerol gradient sedimentation, followed by northern blot analysis, an approach previously used to characterize the snRNP distribution in Saccharomyces cerevisiae and in S. pombe (Bordonné et al, 1990; Huang et al, 2002) . As shown in Figure 3A , individual mono-snRNPs (U1, U2, U5; fractions 3-19) and disnRNP U4/U6 (fractions 11-17) are found in the top fractions of the gradient and a multi-U2/U5/U6 tri-snRNP migrated near the bottom of the gradient in fractions 27-29 in extracts prepared from wild-type and tdSMN cells grown at 251C. It has been previously reported that S. pombe contains almost undetectable amounts of U4/U5/U6 tri-snRNP, and instead contains high amounts of spliceosomal-like U2/U5/U6 particles, in contrast to S. cerevisiae and metazoan systems (Huang et al, 2002; Ohi et al, 2007) .
A difference between wild-type and tdSMN patterns relates to a U5 form that can be observed easily in fractions 3-7 in the wild-type cells, and the amount of which decreases in tdSMN cells grown at 251C ( Figure 3A ). This form likely corresponds to free U5 snRNP and a decrease in its amount can also be observed on native gel analysis (see below, Figure 4B ). Finally, in both strains, a higher-order U1 snRNP complex was also found to sediment at the bottom of the gradient (fractions 25-29) as previously reported (Newo et al, 2007 lower amount of heavy sedimenting U1 particles is found in fractions 27-29 ( Figure 3B , upper panel). Upon SMN depletion in tdSMN cells, U2/U5/U6 snRNP was no longer found in extracts prepared from cells grown for 4 h at 371C ( Figure 3B , fractions 27-29 in the lower panel) and U1 snRNP was also not present in high sedimenting particles. Altogether, these experiments show that depletion of the SMN protein alters the snRNP profile, thereby demonstrating an essential role for the SMN protein in snRNP formation and maintenance.
Differential snRNP assembly in tdSMN cells
We also used native gel electrophoresis to analyse the snRNP composition of the different extracts after a shift to 371C. This approach has previously been used to study snRNP complexes in S. pombe (Huang et al, 2002) and allows the separation of RNA-protein complexes from free snRNA (Supplementary Figure 2C) . The U1, U2, U4/U6 and U5 snRNPs can be found in the wild-type extract after a shift to 371C ( Figure 4A ). In addition, a slowly migrating complex containing U2, U5 and U6 snRNPs corresponding to the tri-snRNP was also visible under similar conditions when probed with the corresponding oligonucleotides ( Figure 4A ). In contrast, with the exception of the U3 particle and, to a lesser extent, the U4/U6 snRNP, all snRNPs are strongly destabilized in extracts from tdSMN cells after 8-h incubation at 371C, demonstrating that the SMN protein has an essential role in the stability of the spliceosomal snRNPs in vivo. It should also be noted that in wild-type extracts, U2 and U5 snRNPs are found in additional complexes (indicated by an asterisk in Figure 4A ). These complexes correspond to the U2 and U5 forms found in fractions 13-19 in the glycerol gradient analyses ( Figure 3 ) and likely represent splicing complex intermediates (Huang et al, 2002) .
Given the reduction in the levels of individual snRNAs in the tdSMN mutant cells grown at permissive temperature detected by northern blot analysis (Figure 2A ), we further investigated the snRNP content in tdSMN and wild-type cells grown at 251C by native gel electrophoresis. Although both cell types contained equivalent amounts of U3 snoRNP, the tdSMN extract clearly contained less U1, U2 and U5 snRNPs ( Figure 4B ). Quantification of the gel after normalization using U3 as standard indicated that snRNP levels present in tdSMN cells represented approximately 50% of the wild-type levels for U1, 40% for U2, 80% for U4, 30% for U5 and 90% for U6. As expected from lower amounts of U2 and U5 snRNPs, the U2/U5/U6 snRNP level in tdSMN cells was also decreased and represented 45% of that found in wildtype cells ( Figure 4C ). In summary, these results show that tdSMN cells contain lower levels of U1, U2 and U5 monosnRNPs, as well as decreased amounts of the U2/U5/U6 postsplicing particle, suggesting that splicing efficiency is already affected at 251C in tdSMN cells.
The tdSMN mutant exhibits differential pre-mRNA splicing defects at 251C
To test whether the reduced levels of snRNPs affect splicing in tdSMN cells at 251C, we monitored the potential accumulation of introns in pre-mRNAs using tiling microarrays, which have previously been used to detect intron-containing RNAs in yeast (Zhang et al, 2007; Dutrow et al, 2008; Sayani et al, 2008) . Three independent cultures were used for wild-type and tdSMN mutant, and probes prepared from the corresponding RNAs were used to hybridize Affymetrix tiling arrays. Using the Tiling Array Software (Affymetrix), diagrams were generated in which bars represent the differences between tdSMN and wild-type intensities ( Figure 5A , panels a-d). Visual inspection of these tiling array profiles revealed a subpopulation of genes showing an increase in intronic signals in the tdSMN mutant compared with wild type. These higher intronic signals can occur with a significant decrease of signal in adjacent exonic sequences, as it is the case for the SPAC9G1.03c intron 1, the SPCC18B5.10c intron 2 and SPCC24B10.17 intron 2 ( Figure 5A , panels a-c, respectively). In another subpopulation, no major change was Figure 3 Analysis of the snRNP profiles by glycerol gradient sedimentation. Splicing extracts prepared from the indicated strains were subjected to glycerol gradient sedimentation. The RNAs were extracted from the indicated fractions, separated under denaturing conditions and transferred to a nylon membrane for northern blot analysis using probes specific for the indicated snRNAs. The fraction number of each gradient and the positions of the different snRNP complexes are shown at the bottom. Extracts corresponding to wild-type (WT; upper panels) or tdSMN cells (td; lower panels) grown at 251C are shown in (A) and extracts obtained after a 4 h shift at 371C are shown in (B).
observed in intronic signals, whereas those corresponding to adjacent exonic sequences were strongly decreased (SPAC13A11.03 in Figure 5A , panel d), thereby indicating that intron retention is associated with an efficient degradation of the corresponding transcripts. These tiling array profiles were confirmed by semi-quantitative RT-PCR experiments showing that, for the above mentioned genes, the premRNAs accumulate in tdSMN cells at the expense of the fully mature transcript ( Figure 5A , right panels).
Interestingly, an inspection of the diagrams also revealed that introns from multi-intronic genes are not retained to the same extent in the tdSMN strain (see, for example, SPCC18B5.10c introns 1, 3, 4, 5 and 6; Figure 5A , panel b), suggesting that SMN deficiency does not result in a general splicing inhibition. In agreement with this, analysis of the tiling array profiles led to the identification of introns and exons showing no major changes in signals in the tdSMN strain as compared with the wild type (Supplementary Figure  3) . It is noteworthy that RT-PCR analyses indicated that splicing of numerous pre-mRNAs is either very efficient ( Figure 5B and Supplementary Figure 3 , panels a and b) or affected at similar levels ( Figure 5C and Supplementary  Figure 3 , panels c and d) in tdSMN and wild-type strains. Taken together, these observations established that SMN loss of function impairs splicing of a specific subset of introns independently of whether they are efficiently spliced in the wild-type strain.
Following bioinformatic analysis (described in the Materials and methods section), the difference between the mean signal intensities for each intron and that of the two adjacent exons was calculated to evaluate their retention index (Supplementary Table I ). The names and properties of the top 20 introns showing the highest retention index are displayed in Table I 
Characterization of features common to retained introns
To find common features in the retained introns, we used the non-parametric Wilcoxon test (see Materials and methods and Supplementary methods). When the distribution of sequences corresponding to the 5 0 splice donor site, to the branch point (BP) or to the acceptor site in a given group was systematically compared with that of the rest of the 4614 fission yeast introns, no significant differences (P-value o0.05) were observed between the two groups (data not shown). This suggests that splicing defects in tdSMN cells do not primarily rely on the presence of less consensual subsets of donor, BP or acceptor sequences in the affected introns.
In addition to the consensus splice sites, it has also been shown that, similar to their metazoan counterparts, fission yeast introns have polypyrimidine tracts (PPTs) that contribute to splicing. These PPTs are not only found between the BP and the 3 0 acceptor splice sites but also between the 5 0 splice site and the BP region, where they can participate in U2AF recruitment and 3 0 splice site identification (Romfo and Wise, 1997; Käufer and Potashkin, 2000; Kupfer et al, 2004; Sridharan and Singh, 2007) . Although analysis of the position and size of PPTs located downstream of the BP adenosine did not define a group significantly different from the rest of the 4614 introns ( Figure 6A ), a comparison of the position and size of PPTs located upstream of the BP adenosine led to the identification of a first group of introns (1-455, Figure 6B ) significantly distinct from the remaining 4159 (P-value: 0.008). As shown in Figure 6C , the main differences between the two groups are a threefold reduction of the frequency of PPTs located five nucleotides upstream of the BP adenosine (position À5) and a twofold increase in the frequency of PPTs located much far upstream (position À20). Comparison of the position and size of the upstream PPTs also led us to identify a much larger group (1-1827) that was also significantly igure 4 Analysis of snRNPs in tdSMN and wild-type cells by native gel electrophoresis. (A) Extracts were prepared from cells grown after an 8-h shift at 371C and aliquots (20 mg) were separated on 4% native gels. The RNA was subjected to northern blot analysis and hybridized with probes for the indicated RNAs. Similar amounts of U3 snRNP are found for both extracts, showing that equivalent amounts of extracts were loaded into each lane. (B) Extracts were prepared from the indicated strains grown at 251C, separated on native gels and treated as in (A). In both panels, asterisks point to intermediate splicing complexes observed for U2 and U5 snRNPs (see text for details). (C) Quantification of the northern blot analysis shown in (B) by scanning densitometry of the RNAs found in tdSMN compared with wild-type cells after growth at 251C. different from the remaining 2787 introns ( Figure 6B ; P-value 0.006), showing no clear differences, except for position -7, in which a twofold increase in the frequency of tracts consisting of five pyrimidines, at the expense of tracks containing 6, 7, 8, 10 and more pyrimidines, was observed ( Figure 6D) . No difference was detected between the 455 and 1827 intron groups and the corresponding remaining S. pombe introns with regard to the frequencies of splicing Figure 5A and B) .
Given that the strength of optimal PPTs can be modulated by suboptimal donor, acceptor and/or BP sequences, it is likely that introns carrying such sites introduce a bias in our statistical studies on the PPT. Thus, we also performed the analysis of PPT distribution in the subset of S. pombe introns containing the strongest consensus 5 0 splice site (GTA A / T GT), 3 0 splice site (TAG) and BP sequence (CTAAC). Among the 622 introns fulfilling these criteria (Supplementary Table II) , a group of 140 were found to be significantly different (P-value: 0.029) from the remaining 482 ( Figure 7A ) when the distribution of upstream PPTs was considered, whereas no groups could be defined on analysis of the positions of PPTs located downstream of the BP adenosine ( Figure 7B ). As shown in Figure 7C , the most notable differences between both groups are a fivefold reduction in the frequency of PPTs located six nucleotides upstream of the BP adenosine and a threefold increase in the frequency of PPTs located much far upstream (position À20) in the group of 140 introns. Altogether, our statistical analyses support the idea that the size and position of the PPT located upstream of the BP constitute, for some introns, important determinants involved in the differential splicing defects observed in tdSMN cells.
Mutations increasing the length of the polypyrimidine tract enhance splicing efficiency of several pre-mRNA reporters in tdSMN cells
To determine whether the polypyrimidine tract constitutes a determinant accounting for efficient splicing in the tdSMN background, we constructed splicing reporters carrying genes containing retained introns (Figure 8 and Supplementary  Table I ) in which we introduced mutations generating 11-22-nucleotide-long PPTs (see Supplementary Figure 6 for sequences) immediately upstream of the BP adenosine. These constructs were transformed in both wild-type and tdSMN cells, and splicing of the corresponding transcripts was analysed by semi-quantitative RT-PCR experiments. As shown in Figure 8 , in wild-type cells, most of the RNAs expressed from plasmids were not as efficiently spliced as endogenous transcripts. This result is in agreement with a previous report showing that the relative yield of fully spliced mRNA is higher for transcripts expressed from a single-copy chromosomal locus (Romfo et al, 2000) . Conversely, precursors are far more abundant in RNA prepared from cells carrying reporter genes on plasmids, even in wild-type cells (Romfo et al, 2000) . For four reporter genes (SPBC106.18, SPBC947.14c, SPAC4F10.14c and SPBC1703.10; Figure 8A and Supplementary Figure 7) , mutations generating a long PPT increased the splicing efficiency of the corresponding mutated intron in tdSMN cells, whereas splicing of the same intron was not significantly modified in wild-type cells. It is noteworthy that splicing efficiency of the SPBC106.18-and SPBC1703.10-mutated introns in tdSMN cells was restored at nearly the same level compared with that of wild-type introns in wild-type cells. For the SPAC630.03 reporter, splicing efficiency of the mutated intron was increased in tdSMN cells at a level similar to that observed in wild-type cells ( Figure 8B ). For the two other splicing reporters tested, (SPCC24B10.17 and SPAC9G1.03c, Figure 8C ), no significant changes in the splicing efficiency of mutated introns, either in wild-type or in tdSMN cells, could be observed. Altogether, these results indicate that splicing of some retained introns can be restored in tdSMN cells by increasing the length of the polypyrimidine tract immediately upstream of the BP sequence. As splicing efficiency could be restored only partially or not at all for several other mutated introns, these results also demonstrate that, aside from the lack of an upstream PPT, additional determinants are responsible for the splicing changes observed on SMN deficiency.
Discussion
In this study, we used the S. pombe model organism and a genome-wide approach to analyse the function of SMN in snRNP biogenesis in vivo and to characterize pre-mRNA splicing defects associated with SMN deficiency. Cells carrying a td allele of SMN display alterations in the assembly of snRNPs and exhibit splicing defects affecting a subset of introns. Interestingly, we found a moderate, although statistically significant, change in the size and position of upstream PPTs in the retained introns, suggesting that these elements represent influential, but not unique, determinants for efficient splicing of some introns in tdSMN cells.
The SMN protein is required in vivo for optimal snRNP assembly and function of the spliceosome Consistent with the role of the SMN complex in the formation of the heptameric Sm ring and in its transfer to snRNA, we found that depletion of the S. pombe SMN protein generates instability of the spliceosomal U1, U2, U4 and U5 snRNPs in vivo. Such instability is consistent with studies in human cells and in S. cerevisiae, showing that snRNAs not assembled with Sm core proteins become degraded (Sauterer et al, 1988; Bordonné and Tarassov, 1996) . Our results also demonstrate that the U6 snRNA and U3 snoRNA remain stable on depletion of SMN in S. pombe, even after a prolonged shift at a non-permissive temperature, suggesting that their assembly does not depend on the SMN complex. This is in contrast to the situation in mammals in which SMN has been suggested (but never shown directly) to be involved in the formation of various macromolecular complexes including U3 and U6 RNPs. Thus, in S. pombe, defects resulting from SMN depletion might be restricted to components associated with the Sm core complex. In this regard, our RT-PCR experiments have revealed that TER1, the RNA component of the fission yeast telomerase, which is capped with m 3 G and contains an Sm-binding site (Leonardi et al, 2008; Webb and Zakian, 2008) , is unstable in tdSMN cells on SMN depletion, indicating that TER1 is bound by an Sm core complex (data not shown).
We also found that the td tag already hinders the function of the SMN protein at permissive temperature. Because of steric hindrance of the tag or incorrect folding of the fusion protein, it is possible that the loading of Sm proteins onto the SMN complex, or association of another factor to this complex, is hampered. Remarkably, our native gel analysis shows that snRNPs are differentially affected, with U1, U2 and U5 levels being the most reduced at 251C when compared with wild type. Although it was shown that SMN-deficient cells contain altered levels of snRNAs (Gabanella et al, 2007; Zhang et al, 2008) , our report is the first demonstrating directly that snRNPs are differentially assembled in vivo upon SMN deficiency. Moreover, our data also provide evidence for a direct link between snRNP levels and the function of the splicing machinery. Indeed, in addition to a change in the relative proportions of individual snRNPs, we found that tdSMN cells contain lower amounts of U2/U5/U6 tri-snRNP compared with wild-type cells. Given that U2/U5/U6 trisnRNP contains RNA splicing intermediates and represents post-splicing particles or stable multi-snRNP complexes in the late stages of the splicing reaction (Huang et al, 2002 ; 
Low levels of snRNPs inhibit splicing of introns to varying degrees
Our genome-wide approach allowed us to directly monitor the effect of an SMN deficiency on splicing of the full fission yeast 'intronome' at 251C. We found that defects in snRNP assembly in tdSMN cells do not modify the processing of transcripts similarly but generate differential splicing defects. Our results demonstrate directly that pre-mRNAs react differently to lower levels of snRNPs and that the activity of the spliceosome is selectively perturbed when snRNP assembly is altered. We were able to detect a retention of intronic sequences in RNAs of many genes irrespective of intron number, which, in contrast, was the sole described common feature of the aberrantly spliced transcripts in the SMA mouse model (Zhang et al, 2008) . The fact that introns from a given gene are not affected similarly also demonstrates that the observed alterations in intron splicing in tdSMN cells are not correlated with differences in the expression levels of the transcript. Such a coordinated mechanism, coupling increased splicing efficiency with increased transcription, was indeed observed for many introns in S. pombe (Wilhelm et al, 2008) .
Previous studies in budding yeast using splicing-specific microarrays already showed that introns are not all affected in the same way in response to environmental stress or in strains carrying mutated splicing factors (Clark et al, 2002; Burckin et al, 2005; Pleiss et al, 2007a, b) , raising the question of how the spliceosome discriminates between introns. In S. cerevisiae, it has been proposed that optimal splicing efficiency occurs on co-transcriptional U1 recruitment, which is independent of exon length. In contrast, U2 and U5 recruitment is dependent on exon length and post-transcriptional splicing occurs more efficiently for genes with short second exons (Moore et al, 2006; Tardiff et al, 2006) . This model does not account for the observed splicing deficiency in tdSMN cells, as no correlation between the length of the downstream exons and retention of the upstream introns could be observed.
Our studies show that both the size and position of the PPT might account for the retention of some introns in tdSMN cells. This is in agreement with previous studies showing that PPTs are important for efficient splicing in fission yeast (Romfo and Wise, 1997; Sridharan and Singh, 2007 White asterisks in the RPL25A, YPT1 and EMP24 panels represent PCR heteroduplexes that were described in Eckhart et al (1999) and that were not considered in the quantification analyses.
studies showing that splicing of introns lacking PPTs is more dependent on U2AF (and consequently on U2 snRNP recruitment) than introns with long PPTs located upstream of the BP (Huang et al, 2002; Sridharan and Singh, 2007) . However, alternative mechanisms of U2AF recruitment have to occur in vivo to accommodate the large diversity of intron architectures observed in the affected introns. Along this line, the retention of introns in tdSMN cells could be due to different competitive abilities when the level of snRNPs is limiting, each intron requiring particular combinations of cisacting elements and trans-acting factors for efficient splicing. Consistent with this proposal, it was shown that introns differ in the extent and nature of their requirements for U1 snRNA in vivo, as out of three tested pre-mRNAs, only the second intron of the fission yeast cdc2 pre-mRNA is spliced inefficiently because of the presence of a stable hairpin even in cells containing wild-type U1 snRNA (Alvarez et al, 1996) . Thus, low levels of snRNPs in tdSMN cells might contribute to unmask the deleterious effects of suboptimal splice signals and/or abnormal structures in retained introns. In addition, recognition of splice sites in mammals often depends on their sequence context and on the presence of exonic and intronic splicing enhancer elements that bind to regulatory factors, such as members of the SR protein family, necessary to recruit the core splicing machinery (Long and Caceres, 2009) . In this regard, the presence of exonic splicing enhancers, which promote efficient splicing of reporter premRNAs, has been characterized in fission yeast (Webb et al, 2005) , thereby adding another level of complexity to the characterization of determinants responsible for intron retention in tdSMN cells. Altogether, our results strengthen the view of the cooperative nature and flexibility of spliceosome assembly.
Links between defects in snRNP assembly and SMA Classification of the affected transcripts by gene ontology did not reveal a particular functional class of genes that would be more sensitive to lower snRNPs levels in tdSMN cells. Given that a broad range of transcripts is affected and that the splicing defects are not lethal, it is likely that various cellular processes might be less efficient but still functional in tdSMN cells, altering different metabolic activities and explaining the observed growth rate reduction. Our results showing that introns are removed differentially in tdSMN cells suggest that similar differential splicing defects could also occur in mammalian cells on SMN deficiency. Thus, splicing alterations of only a limited number of mRNAs coding for proteins having a crucial role in the function of motor neurons could be responsible for spinal muscular atrophy. The identification of these pre-mRNAs will certainly constitute a major challenge in the near future and enable the elucidation of the molecular basis of SMA.
Materials and methods
Strains and culture conditions
Strains SP200 (hÀ leu1-32 ura4-D18 ade6-M210) and SP814 (h þ leu1-32 ura4-D18 ade6-M216) and derived diploid or haploid strains were used in this study. Standard methods were used for growth and genetic manipulation of S. pombe (Moreno et al, 1991) . Cells were grown on YES or minimal EMM2 medium with adequate supplements.
Construction of the td-tagged fission yeast SMN gene
The td system has been useful for studying the functions of a number of proteins, both in S. cerevisiae (Dohmen and Varshavsky, 2005) and in S. pombe (Rajagopalan et al, 2004) . The tdSMN degron allele was constructed using PCR primers with 80-nucleotide homologies to genomic DNA and 25-nucleotide homologies to the pSMRG2-nmt41-degronHA (Kana) plasmid (Gregan et al, 2003) , which was kindly provided by S. Kearsey (University of Oxford). A DNA fragment was amplified and transformed into fission yeast cells as described earlier (Bähler et al, 1998) . Correct homologous recombination of the tagged allele was checked by PCR amplification on genomic DNA.
Extract preparation, native gels and glycerol gradient sedimentation Extracts were prepared as described previously (Huang et al, 2002) . Briefly, after centrifugation, pellets were washed with water and cells were suspended in AGK400 buffer and resuspended to 1 g cells/ml in AGK400 buffer (10 mM HEPES-KOH (pH 7.9), 400 mM KCl, 1.5 mM MgCl 2 , 0.5 mM DTT, 1 mM PMSF and 10% glycerol). Cell homogenates were frozen in liquid nitrogen and ground to a fine powder using a Freezer Mill 6770 grounder (Spex). The powder was then thawed on ice and centrifuged at 14 000 r.p.m. for 10 min at 41C. The supernatant was recovered and spun at 55 000 r.p.m. for 30 min at 41C in a TLA-100.3 rotor and dialysed for 2 h against buffer D (20 mM HEPES-KOH (pH 7.9), 0.2 mM EDTA, 100 mM KCl, 0.5 mM DTT, 1 mM PMSF, 20% glycerol). Aliquots of extracts were stored at À801C.
For native gel analysis of snRNPs, 20 mg of extracts was loaded on 4% acrylamide gels (80:1) run in 25 mM Tris, 25 mM boric acid and 1 mM EDTA at 13 V for 16 h until bromophenol blue reached the bottom. The RNA was transferred onto a nylon membrane and subjected to northern blot analysis as described (Bordonné et al, 1990) . Glycerol gradients were performed as previously described (Bordonné et al, 1990) .
Reporter gene construction and RT-PCR analysis
Fission yeast genes were amplified from the Riken DNA Bank #6118 (Matsuyama et al, 2006) and cloned into the S. pombe plasmid pREP41 (Craven et al, 1998 ) using standard methods. Mutagenesis was performed by PCR using mutated primers.
For semi-quantitative RT-PCR analyses, total RNA was purified from exponentially growing cells with Tri-Reagent (Sigma) according to the manufacturer's procedure and treated with RQ1 RNasefree DNase (Promega). First-strand cDNAs were synthesized from 5 mg of total RNA and pd(N)6 random oligonucleotides with a First strand cDNA synthesis kit (Amersham). For RT-PCR analyses, onetenth of the reaction was amplified with GoTaq polymerase (Promega) in a volume of 50 ml containing 20 pmoles of primer pairs, 200 mM dNTPs and 1.5 mM MgCl 2 in 1 Â GoTaq buffer and sequentially cycled 26 times. Linearity of amplification was observed for at least 27 cycles as tested by the addition of [a-32 P]-dCTP (3000 Ci/mmol) in the final cycles (See Supplementary Figure  7 for an example). Primer sequences and PCR regimes are available on request. The PCR products were separated on 1.5-2.5% agarose gels containing ethidium bromide and visualized under UV light. The gel images were digitally captured and analysed using Syngene Genetools software. The 32 P-labelled fragments were separated on non-denaturing 6% polyacrylamide gels and analysed using Typhon 9200 scanner and Image Quant Software.
Microarray analysis
Cells were grown to exponential phase and total RNA was purified as mentioned above. Probe labelling was performed with a GeneChip WT Double-Stranded cDNA Synthesis Kit (Affymetrix) following the manufacturer's protocol. Labelled probes were hybridized to GeneChip S. pombe Tiling 1.0FR Arrays (Affymetrix) using the manufacturer's protocol. These arrays are comprised of over 1.2 million perfect match/mismatch probe pairs tiled through the complete S. pombe genome. Scanning and data collection were carried out by GeneChip Scanner 3000 7G (Affymetrix) and GeneChip Operating Software. Total RNA from three independent cultures of the td-SMN and wild-type strains was applied to the tiling arrays.
Raw tiling array data were analysed using the Tiling Analysis Software (TAS) package (Affymetrix). Data from triplicate arrays were combined in control and treatment groups, quantile normalized and analysed by the two-samples normalization process. The Perfect Match/Mismatch (PM/MM) normalized intensities were scaled so that the median intensity value was equal to 100 in the signals Binary Analysis Result (BAR) files. A bandwidth of 40 nucleotides was chosen in agreement with the Affymetrix user guide to obtain a probe analysis window size of 81 bp, which corresponds to the average intron size in S. pombe. This TAS normalization process results in a BAR file containing the differences between control and treatment-normalized signal values (expressed in log2 scale). To analyse differences between exon and intron intensities, a specific R software algorithm was developed to calculate average signal intensities in all S. pombe exon and intron areas from TAS-normalized result files. First, all positions of genes containing at least one intron were extracted from the S. pombe (September, 2004) database of the Affymetrix DAS server to generate a sub-list made of 4614 discrete chromosomal areas. This step allowed us to define the peak positions usually identified by statistical tests and P-value analyses. These positions were then used to calculate the difference between the mean of signal intensities for each S. pombe intron and that of the two adjacent exons.
Statistical analyses
For statistical analyses, we developed a specific function called PvalueVariation with the R statistical language. This function returns the Wilcoxon test P-value, allowing the comparison of nonparametric distributions between two groups defined by the function argument. The first group is defined from the beginning of the list to the argument (a ranked position from the entire intron list sorted by decreasing retention indexes). The second is set from the next argument position to the end of the list. The different P-values were obtained using the P-valueVariation function with all the arguments chosen between the early beginning (Start position 30) to the close end (30 before ending) of the ranked list, with an increment of 1. The obtained P-values (((4614À30)À30) ¼ 4554 values) have been plotted versus the argument to draw the P-valueVariation curves.
Accession numbers
Microarray data are accessible in the GEO database (accession number GSE17010).
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
